High-quality YAG:RE (Yb, Nd, Cr) ceramics with CaO and MgO as sintering aids were manufactured by solid state reactive sintering method in vacuum. Influence of annealing temperature on optical properties was studied. This combination of sintering aids requires annealing temperatures at least 1300 ∘ C to fully eliminate oxygen vacancies and at least 1400 ∘ C to convert Cr 3+ to Cr 4+ . It was found that annealing in oxidizing atmosphere creates strong changes in short wavelength transmittance.
Introduction
Sintering aids play very important role in the process of densification of RE:YAG ceramics [1] . Most commonly used sintering aid is SiO 2 that forms liquid phase by itself or when combined with B 2 O 3 [2] , but it has an adverse effect of accelerating grain growth and it is not suitable for YAG:Cr 4+ ceramics because it inhibits Cr 3+ to Cr 4+ conversion [3] .
In contrast with SiO 2 , MgO and CaO additives can inhibit grain growth [4, 5] and assist the conversion of Cr 3+ to Cr 4+ [3] . The influence of MgO/CaO ratio on ceramics sintering process for undoped YAG was studied recently [6] . It was found that MgO/CaO ratio of 4/1 is optimal for achieving high optical quality of ceramic. We decided to take this MgO/CaO ratio and apply it to Yb or Nd or Cr-doped YAG because it enables us to make 
Experiment
High purity precipitated yttrium oxide (Lanhit) and commercial alumina (Sumitomo chem.), neodymium oxide (Lanhit), ytterbium oxide (Lanhit), calcium oxide, magnesium oxide and chromium oxide powders were used as starting materials. Stoichiometric amounts of oxide powders were mixed and ball milled for 15 hours with anhydrous alcohol as dispersing medium. After milling and subsequent drying for 48 hours at 50 ∘ C, the powders were sieved through 200 mesh sieve, calcined to remove any volatile matter at 1000 ∘ C for 5 hours and then compacted. The powders were pressed uniaxially at 200MPa in stainless steel mold (sample groups A-C) or uniaxially at 100MPa in stainless steel mold and then CIPed at 250MPa for 5 minutes (sample group D) to obtain pellets with diameter of 10mm. Green bodies were calcined at 1000 ∘ C for 5 hours to remove residual organics and sintered at 1800-1840 ∘ C for 5-20 hours in a tungsten mesh heated vacuum furnace under 10 −6 torr to provide fully dense RE: YAG ceramics.
Then, sintered samples were annealed at 1000-1400 ∘ C in air to remove oxygen vacancies and/or convert Cr 3+ to Cr 4+ . Finally, all RE: YAG ceramics were grinded and mirror polished on both surfaces using diamond slurries, and the thickness of samples after mirror polishing was about 1 mm. In this work, we discuss the influence of divalent sintering aids on sintering and pore formation and elimination processes. To evaluate ceramics quality, transmission spectra and average grain size were measured. Also, the influence of annealing temperature on optical properties was studied.
Results
Transmission These oxygen vacancies would be compensated by oxygen under high temperature and oxygen enriched atmosphere. Accordingly, trivalent Cr ion would be converted into tetravalent to promote charge balance in YAG lattice, when divalent dopants were introduced as charge compensators. Average grain size was measured and it is about 8µm. From Figure 1 , it can be seen that with increase in the annealing temperatures, the color of the samples changes from green to brown due to conversion of Cr 3+ to Cr 4+ .
Transmission at 1065nm was measured separately for sample annealed at 1400 ∘ C in air for 10 hours and it is 75%. Additional process optimizations are required to enhance Cr 3+ to Cr 4+ conversion efficiency. From Figure 2 , it can be seen that with the increase in the annealing temperatures, color of the samples changes from dark violet to light violet due to the removal of oxygen vacancies. Transmission at 400 nm rises from 70.7% in unannealed sample to 82.6%
for sample annealed at 1400 ∘ C in air for 10 hours in air which is very close to theoretical limit. It should be noted that transmission in rage of 250 to 350 nm decreases. Possible reasons of this phenomenon may be is formation of color centers [7] or additional nanopores. With increasing annealing temperatures, color of the samples changes from grey to yellowish due to the removal of oxygen vacancies and possible formation of color centers [7] . Transmission at 400 nm rises from 75.7% in unannealed sample to 77.3%
for sample annealed at 1300 ∘ C in air for 10 hours. However, the transmission at 800 nm for this sample is 83.7%. Theoretical limit is 83.8% at 800 nm and 82.9% at 400 nm. Additional process optimizations are required to improve ceramic quality. Transmittance at 400 nm is 81.5% for sample with 1% mol Nd and 80.9% for sample with 4% mol Nd. At 650 nm, transmittance is 83.7 and 83.2% for 1% Nd and 4% Nd samples, respectively. Theoretical limit is 83.7% at 650 nm and 82.9% at 400 nm.
Decrease of transmittance in short wavelengths may be attributed to the formation of color centers [7] .
Conclusion
High-quality YAG:RE (RE = Yb, Nd, Cr) ceramics with CaO and MgO as sintering aids were manufactured by solid state reactive sintering method in vacuum. It is necessary to note that annealing in oxidizing atmosphere creates significant changes in short wavelength transmittance. There are two possible reasons of this phenomenon; first, the formation of color centers [7] , and second, the formation of additional nanopores.
To make a final decision, it is required to continue the research.
